Abstract Only a few decades ago, students of the pathophysiology of cardiovascular disease paid little heed to the involvement of inflammation and immunity. Multiple lines of evidence now point to the participation of innate and adaptive immunity and inflammatory signaling in a variety of cardiovascular conditions. Hence, interest has burgeoned in this intersection. This review will focus on the contribution of innate immunity to both acute injury to the heart muscle itself, notably myocardial infarction, and to chronic inflammation in the artery wall, namely atherosclerosis, the cause of most myocardial infarctions. Our discussion of the operation of innate immunity in cardiovascular diseases will focus on functions of the mononuclear phagocytes, with special attention to emerging data regarding the participation of different functional subsets of these cells in cardiovascular pathophysiology.
tions with increased longevity in the developing world and an augmented prevalence of risk factors for developing coronary heart disease worldwide [1, 2] . Myocardial infarction results from ischemic injury, most often due to interruption of blood supply to the heart muscle due to thrombotic or embolic occlusion of coronary arteries. The myocardium has particular susceptibility to ischemic injury due to the high oxygen demands occasioned by its incessant beating and preference for fatty acid substrates for energy metabolism.
According to traditional concepts, the interruption of coronary blood flow unleashes an inevitable cascade of events leading to death of the tissue perfused by the affected segment of the coronary arterial bed. We now recognize that the consequence of a given coronary occlusion is not "all or nothing" but can vary in ways that correlate with clinical outcomes [3] . Expansive remodeling of the left ventricle predicts poor long-term outcomes [4] . Such remodeled ventricles often pump ineffectively, lead to functional mitral regurgitation, and to the syndrome of heart failure, a major impediment to quality of life and a drain on healthcare resources. Recognition of mutability of responses to myocardial ischemic injury has heightened focus on the healing response that occurs after the initial ischemic insult.
In a pioneering description of the sequence of events occurring in infarcted myocardium, Mallory and colleagues described an early polymorphonuclear leukocyte infiltrate occurring 1-2 days following onset of the symptoms of acute myocardial infarction [5] . They described a second phase in the ensuing days of mononuclear phagocyte infiltration, which preceded the phase of formation of granulation tissue. The key characteristics of granulation tissue formation include fibrosis, notably deposition of interstitial collagen, and new formation of microvessels in the healing myocardium. This predictable sequence of events prevailed as the major model of myocardial healing from the 1930s until a few years ago.
With the emerging recognition of monocyte heterogeneity, our group tested the hypothesis that different phases of the leukocytic infiltration in response to coronary artery occlusion would involve different functional subtypes of mononuclear phagocytes [6] . Indeed, after coronary artery occlusion in mice, we noted a first wave of accumulation of particularly pro-inflammatory monocytes identified by expression of high levels of the surface marker Ly-6C (sometimes referred to as Gr-1, which recognizes Ly-6C and the granulocytic marker Ly-6G) followed by a second wave of less inflammatory monocytes expressing low levels of Ly-6C (Fig. 1) . We focused on the functional characteristics of these monocytes in the context of myocardial healing. The Ly-6C high subset expressed high levels of protease activity and phagocytosis. These pro-inflammatory monocytes also elaborated high levels of pro-inflammatory cytokines such as tumor necrosis factor-alpha (TNF-α) that could sustain and amplify inflammatory responses by recruiting more leukocytes to the healing myocardium via heightened expression of adhesion molecules and chemokines. The proteolytic enzymes released by the pro-inflammatory monocytes could catabolize contractile proteins and other contents of dead cells in the infarcted myocardium. The phagocytic capacity of this monocyte subset could promote the clearance of the debris that accumulates due to myocardial cell death [6] .
The subsequent wave of the reparative Ly-6C low monocytes also exhibits functions that could prove critical in determining the healing response in the infarcted myocardium. This less inflammatory subset shows lower expression of pro-inflammatory cytokines than their Ly-6C high counterparts.
Thus, the positive stimulus to amplification of the local inflammatory response by recruitment of additional monocytes would decline. Moreover, monocytes of the Ly-6C low subset elaborate higher levels of transforming growth factor-beta (TGF-β) family members, mediators known to attenuate inflammatory responses in the myocardium. TGF-β also stimulates fibrosis by strongly augmenting collagen production by myocardial fibroblasts. Generation of interstitial collagen could influence the healing response in important ways. Enhanced collagen production could yield a more durable scar with augmented tensile strength that could resist ventricular septal defects, pseudo-aneurysm formation, or rupture of the free wall, much feared complications of myocardial infarction. Moreover, a more robust fibrotic response could limit adverse geometric remodeling of the left ventricle characterized by scar expansion. Such expansive remodeling associates with the development of heart failure and poor clinical prognosis as mentioned above. The Ly-6C low monocyte subset also expresses high levels of angiogenic growth factors such as vascular endothelial growth factor (VEGF). Local VEGF expression could promote the proliferation of neovessels, a defining constituent of granulation tissue that characterizes the intermediate phase of healing of injured tissues and wounds, including the infarcted myocardium [6] .
The biphasic recruitment of monocyte subsets to the infarcted myocardium raises the question of whether monocyte subsets differentiate to distinct macrophage populations. In Fig. 1 Biphasic monocyte response after myocardial ischemic injury. The cartoon depicts temporally resolved recruitment of monocyte subsets. First, on the left side of the cartoon, Ly-6C high monocytes are recruited to the infarct via the MCP-1/CCR2 axis. These cells are inflammatory, have a high TNF-α production, and predominantly support removal of debris using their proteolytic and phagocytic capabilities. These cells may also differentiate into macrophages. Several days later, the infarct tissue switches to secreting fractalkine, which attracts Ly-6C low monocytes. This monocyte subset is also phagocytic but less inflammatory and supports repair processes such as angiogenesis and new extracellular matrix production. The striated cells at the bottom represent cardiac myocytes, the rectangular structures represent endothelial cells, and the helices on top depict interstitial collagen vitro, so-called classical activation of macrophages involves the stimulation of bone marrow cells with IFNγ or lipopolysaccharide (LPS). Macrophages derived in such a way secrete inflammatory mediators and have been termed M1. Macrophages generated with combinations of interleukin (IL)-4, IL-10, or IL-13 exhibit less inflammatory functions. This "alternative activation" strategy, a term coined by Siamon Gordon, yields the so-called M2 macrophages [7, 8] . Many extrapolate this simple demarcation to what may occur in vivo. As Mosser and Edwards [9] and many others have correctly pointed out, in vivo macrophage biology likely involves a continuum that spans the M1 and M2 extremes (and "M3", "M4", and "M5" macrophages may also exist). Macrophages are highly adaptable cells that respond to a multitude of stimuli and, in principle, may fall into as many "subsets" as combinations of stimuli. That said, the question remains whether Ly-6C high monocytes preferentially give rise to M1-enriched macrophages while Ly-6C low monocytes preferentially develop into M2-type macrophages in the infarcted myocardium. Although available data do not illuminate what happens in the heart, other models of injury provide clues. The emerging picture positions Ly-6C high monocytes as the precursors of macrophages that can polarize toward different functions in the tissue depending on the timing of their accumulation and tissue context. Ly-6C low monocytes may either remain as monocytes or differentiate to specific resident macrophages that re-populate the tissue after inflammation subsides [10] [11] [12] . The macrophage response in the infarcted myocardium, which also starts with an inflammatory M1 macrophage phenotype and evolves over time towards an M2 phenotype [13, 14] , likely reflects a combination of sequential monocyte subset accumulation and in situ macrophage polarization.
The accumulation of the pro-inflammatory subset of monocytes in the first days following coronary occlusion begs the question of their origin. Monocytes classically arise in the bone marrow from their hematopoietic progenitors. The rapid appearance of monocytes shortly after myocardial infarction suggests that either the bone marrow dramatically heightens its monocyte output or that reservoirs of ready-made monocytes exist that can supplement the increased demand. The spleen serves as such a reservoir in mice [15] . The subcapsular pulp of the mouse spleen contains a population of monocytes that resemble circulating monocytes phenotypically and morphologically. The spleen, a secondary lymphoid organ and a filter of blood, contains various sessile macrophage and dendritic cell populations. The identification of undifferentiated monocytes suggested a reservoir that could be rapidly mobilized to sites of distant injury or infection. Indeed, this pre-existing pool mobilizes in response to coronary artery ligation. Intravital microscopy provided direct evidence for departure of these cells. Experimental depletion of the splenic pool compromised myocardial healing in mice. While the bone marrow remains the dominant source of monocytes, the splenic reservoir revealed by these studies can contribute a sizeable population of inflammatory monocytes.
Studies aiming at identifying a mechanism by which the reservoir is mobilized focused on angiotensin II [16] . The hormone, which is released after MI, activates splenic monocytes via the A1 receptor [15] . Activation of this receptor renders splenic monocytes more motile and, thus, more likely to exit the splenic parenchyma and enter the circulation [15] . This observation has particular clinical importance because treatment with inhibitors of angiotensin converting enzyme (ACE), the major generator of active angiotensin II in vivo, can attenuate expansive remodeling of the myocardium in rodents and in humans. Large-scale clinical trials have demonstrated improved outcomes in patients treated with ACE inhibitors following myocardial infarction [17, 18] . Thus, our experimental observations in mice [16] focusing on monocytes in the healing of acute myocardial infarctions provide new mechanistic insight into the clinical benefits of this therapeutic intervention. Moreover, this example provides an illustration of targeting supply or functional attributes of monocytes in therapeutic manipulation of the tissue response to myocardial ischemia. Of note, whether ACE inhibitors target all monocyte subsets indiscriminately is currently unclear. If prolonged recruitment of inflammatory monocytes impairs resolution of inflammation and infarct healing, as shown in mice with atherosclerosis and blood monocytosis [19] , then targeting the inflammatory monocyte subset could prove beneficial. Because the recruitment of inflammatory monocytes depends on the interaction of monocyte chemoattractant protein-1 (MCP-1) with CC-type chemokine receptor 2 (CCR2) [6, 20] , this axis has interest as a therapeutic target for dampening inflammation in the cardiac wound. Indeed, silencing CCR2 in monocytes with nanoparticle-enabled in vivo RNAi reduces their recruitment after ischemia-reperfusion injury and into atherosclerotic lesions [21] . Future studies should explore whether modulation of monocyte subset recruitment or macrophage polarization can promote beneficial infarct healing.
The existence of the preformed pool of pro-inflammatory leukocytes in the spleen raises the question of their origin. In the steady state, the de novo generation of monocytes in the bone marrow continuously replenishes this splenic reservoir. Bone marrow "monocytes" (identified as CD11b Many of these cells proliferate, however, and tend to have a band-shaped rather than a kidney or horseshoe-shaped nucleus. In these ways, bone marrow monocytes display features of their precursors and may not yet be "true" monocytes; CD11b
low cells become monocytes when they enter the blood and can retain this status when they settle in the spleen. In the steady state, at any given time, the spleen contains substantially more monocytes than are found in the blood [15] . The question then arises, what happens to the reservoir once it is depleted after myocardial infarction? Experiments have shown that local hematopoiesis in the spleen largely mediates replenishment of this reservoir after MI [22] . In response to MI, hematopoietic stem cell progenitors mobilize from the bone marrow, seed the spleen, and give rise to monocytes and neutrophils. The process likely requires a large number of mediators, IL-1β among them [22] . This repopulation of the splenic reservoir goes beyond simple monocyte replenishment, also contributing to the accumulation of monocytes in the myocardium later in the response. The high turnover of monocytes in the myocardium causes a high demand. Thus, extramedullary hematopoiesis not only provides a mechanism by which the reservoir replenishes but also contributes essentially to meeting the heightened leukocyte demand during inflammation.
Monocyte heterogeneity in chronic cardiovascular disease, the case of atherosclerosis Atherosclerotic cardiovascular disease causes an increasing burden of morbidity and mortality worldwide and is one of the major causes of loss of useful life years globally. Atherosclerosis causes most myocardial infarctions, as described above. In addition, atherosclerosis causes many ischemic strokes, events that can impair communication, mobility, and the ability to live independently, hence constituting a major clinical challenge. Atherosclerosis of the peripheral arteries commonly causes debilitating intermittent claudication and limb ischemia that can lead to gangrene and commonly require amputations, particularly in people with diabetes.
Initially conceived of as a passive accumulation of waxy cholesterol deposits in the arterial wall, we now recognize the participation of both innate and adaptive immune responses in this disease. Mononuclear phagocytes comprise the vast majority of the inflammatory cells in the atherosclerotic plaques. These cells imbibe lipids, become engorged with lipid droplets, and form foam cells, the hallmark of the atherosclerotic lesion (Fig. 2) . Among the risk factors for atherosclerosis, hypercholesterolemia has an indubitable causal role.
Mice with genetically determined susceptibility to dietinduced atherosclerosis exhibit a striking dimorphism in circulating monocytes, as shown by work simultaneously conducted by our group and the group led by Gwendalyn Randolph. We found a profound shift in blood monocytes from low monocyte levels approximately equally distributed between Ly-6C high and Ly-6C low populations to a marked monocytosis characterized by an excess of Ly-6C high monocytes [23, 24] . Our previous work implicated MCP-1 signaling through the chemokine receptor CCR2 as a contributor to early lesion formation in the arteries of hypercholesterolemic mice. CCR2 appears causally related to the preferential accumulation of Ly-6C high monocytes in the nascent atherosclerotic plaque of hypercholesterolemic mice [25, 26] . Ly-6C high monocytes also adhere more avidly to the surface of TNF-α-stimulated endothelial cells in vitro than their Ly-6C low counterparts [23] . The enhanced proteolytic potential of Ly-6C high monocytes may participate in their migration and in remodeling of the arterial extracellular matrix during atherogenesis. As discussed above, Ly-6C high monocytes may indeed give rise preferentially to macrophages expressing the M1 functions associated with promotion of inflammation, especially in this setting of nonresolving inflammation.
The identification of the splenic pool of pro-inflammatory monocytes suggested the hypothesis that this organ provided a source of Ly-6C high monocytes not only for mobilization to sites of acutely injured tissue such as infarcting myocardium, but also to sites of chronic inflammation such as the atherosclerotic plaque. Indeed, in experimental atherosclerosis in mice, spleen-derived monocytes give rise to a substantial fraction of the mononuclear phagocytes in the evolving lesion, as shown by spleen transplantation [27] . Thus, the splenic precursor pool of pro-inflammatory monocytes serves as a reservoir for providing rapidly mobilized monocytes not only to sites of acute tissue injury such as infarcting myocardium as discussed above, but also to chronic lesions such as the evolving atherosclerotic plaque. Granulocytemacrophage colony-stimulating factor (GM-CSF) and IL-3 promoted extramedullary hematopoiesis and the expansion of the monocyte reservoir in atherosclerotic lesions because antibodies against GM-CSF and IL-3 attenuated the phenomenon [27] . The newly described innate response activator B cells, which arise in experimental sepsis and selectively produce GM-CSF [28, 29] , might drive extramedullary hematopoiesis in atherosclerosis. Combination of extrinsic factors such as growth factor production [27] and bone marrow mobilization [30] , as well as cell intrinsic factors involving cholesterol efflux pathways [31, 32] likely contribute to the monocytosis and extramedullary hematopoiesis that characterizes experimental atherosclerosis.
Monocyte heterogeneity and the amplification of chronic regional innate immune responses by systemic inflammation
Atherosclerotic plaques exemplify local chronic sites of inflammation. Mononuclear phagocytes accumulate in these lesions. Clinical considerations suggest that lesion progression and complication do not occur continuously. Rather, episodes of rapid change may punctuate prolonged periods of relative quiescence. Serial angiographic studies suggest a discontinuous evolution of coronary arterial stenoses in time [33, 34] . Moreover, the thrombotic complications of atherosclerosis such as the acute coronary syndromes often occur unheralded, causing a nearly instantaneous transition from chronic stable lesions that may exist for decades to a dramatic thrombotic occlusion of an artery yielding tissue injury.
We formulated a construct to account for this discontinuity in the evolution of atherosclerotic plaques. We postulated that episodes of systemic inflammation could boost local inflammation at sites of regional innate immune responses such as the atheromatous plaque. To test this hypothesis, we mimicked a systemic inflammatory response in rabbits by intravenous injection of Gram-negative bacterial endotoxin. We found that indeed, the systemic stimulus evoked local overexpression of the pro-inflammatory cytokine IL-1 in atherosclerotic rabbit aortae [35] . We then produced graded degrees of atherosclerosis in rabbit aortae by feeding atherogenic diets enriched with increasing levels of cholesterol ranging from 0.1 to 0.9 % of the diet on a weight basis. One hour after intravenous injection of Gram-negative bacterial endotoxin (a time shown in prior experiments to be optimum), we documented evoked overexpression of both isoforms of IL-1 and TNF-α messenger RNA. We found higher levels of expression of these pro-inflammatory cytokines in the aortae affected by greater degrees of atherosclerosis, characterized by mononuclear phagocyte accumulation in the arterial intima [36] . These experiments furnished the basis for understanding how episodic bouts of lesion activation could reflect a systemic inflammatory response.
We further postulated that remote bacterial or viral infections through release of bacterial products or stimulation of a systemic inflammatory response could promote the development of atherosclerosis and atherosclerotic lesion complication [37] . We informally denoted this concept the "echo" phenomenon, indicating the relationship between systemic inflammatory stimuli and the local evoked responses at the level of the artery wall.
Our recent experiments revisited this concept in the context of acute myocardial infarction as a clinically relevant form of inflammation remote from the artery wall that might evoke a bout of intensified inflammation in the regional innate immune process chronically smoldering in established atherosclerotic plaques. This concept has considerable clinical relevance, as individuals who have sustained myocardial injury due to an acute coronary syndrome have an increased risk for early recurrent events [38, 39] . We thus hypothesized that myocardial infarction could elicit a systemic inflammatory response that could aggravate inflammation locally in atheromata and contributes to activation of plaques and precipitation of early recurrent events. To test this hypothesis, we ligated coronary arteries in atherosclerotic mice to precipitate an acute myocardial infarction. Indeed, in the immediate aftermath of experimental myocardial infarction, remote atherosclerotic plaques displayed enhanced inflammatory activation as evidenced by increased activity of proteolytic enzymes. Moreover, the number of pro-inflammatory monocytes marked by high levels of Ly-6C increased in the preformed atherosclerotic lesions following coronary ligation. Likewise, levels of proinflammatory cytokines such as TNF-α and IL-1β rose following experimental myocardial infarction in mice [40] .
Further experiments sought a mechanistic explanation for the enhanced accumulation of pro-inflammatory monocytes in atherosclerotic plaques following myocardial infarction. Based on previous observations, we focused on splenic extramedullary hematopoiesis and the relocation of hematopoietic stem and progenitor cells from the bone marrow to the spleen. Acute myocardial infarction in humans elicits a strong sympathetic nervous system response due to pain and anxiety. Work from Frenette's group suggested that adrenergic stimuli, in particular beta-3 adrenergic stimulation, could mobilize leukocyte precursor cells from bone marrow niches [41, 42] . Subsequent experiments demonstrated that recruitment of the Ly-6C high monocytes to the atherosclerotic plaques in mice undergoing experimental myocardial infarction depended on beta-3 adrenergic signaling [40] . Tyrosine hydroxylase, the rate-limiting enzyme for the synthesis of catecholamines, the mediators of the effects of sympathetic nerve activation, rose in the microvessels in bone marrow stroma following myocardial infarction. During experimental acute myocardial infarction, stem cells departed from bone marrow niches in a beta-3 adrenergic dependent manner as shown by intravital microscopic monitoring. Thus, the insult resulting from myocardial injury mobilized monocyte precursors from the bone marrow promoted their expansion in the spleen and enhanced their recruitment and accumulation in atherosclerotic lesions.
The burst of pro-inflammatory cytokine expression in response to myocardial infarction could amplify the regional innate immune response, accelerating the evolution of atherosclerotic plaques. Local overexpression of proteinases in plaques could promote weakening of the extracellular matrix that renders plaques susceptible to rupture and precipitation of acute thrombotic complications [43] . Moreover, the local inflammatory stimulation in plaques can enhance tissue factor production, increasing the thrombogenicity of plaques. The systemic acute phase response to myocardial infarction can also increase fibrinogen, the precursor of clots and plasminogen activator inhibitor-1, the major endogenous inhibitor of thrombolysis. A conjunction of increased activation of the "solid state" of the atheroma itself and increased coagulability and impaired fibrinolysis in the "fluid phase" of blood provoked by acute myocardial infarction could set the stage for increased susceptibility to occlusive thrombi, precipitating recurrent acute coronary syndromes [44] .
Human observations support the concept that myocardial infarction can affect monocyte biology in patients. Interrogation of large clinical trial data sets indicates that individuals who underwent acute coronary syndromes who took betaadrenergic blocking agents before the acute event had lower levels of circulating monocytes than beta-blocker-naive individuals undergoing acute coronary syndromes [40] . Moreover, autopsy specimens of spleens showed an increase in c-kit positive cells in the spleen representing leukocyte precursors, which also bore markers of proliferation (Ki-67), indicating that humans who have sustained an acute myocardial infarction have increased splenic hematopoiesis [40] .
This amalgam of well-defined animal experimentation and observations on humans illustrates the practical and clinical implications of innate immune responses, mononuclear phagocyte heterogeneity and trafficking of innate immune cells in human cardiovascular disease. Monocyte biology provides a mechanistic link between ischemic myocardial tissue injury and "echoes" at the level of the atherosclerotic plaque. The acute myocardial infarction can awaken dormant plaques through evoking a round of inflammatory activation enhancing their propensity to precipitate another ischemic event.
Translation to humans of the biology of monocyte heterogeneity of cardiovascular disease
The burgeoning data regarding monocyte heterogeneity in experimental cardiovascular disease in mice have heightened interest in clinical translation of these advances in monocyte biology and innate immune responses. The markers that serve so well in mice for delineating pro-inflammatory and less inflammatory subsets of mononuclear phagocytes lack clear human counterparts. Investigators have used surface expression of markers such as CD14 and CD16 to distinguish human monocyte subsets that functionally mirror the Ly6C [45] [46] [47] [48] .
No fewer than a dozen, mostly small observational association studies have evaluated human monocyte subsets in diseases related to the cardiovascular system either directly or indirectly [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] . Most studies have observed a higher proportion of CD16+ monocytes with disease progression. One notable recent study using 700 patients has shown that CD16 − monocytes can predict cardiovascular events independently of other risk factors in a randomly selected population [63] . In contrast, another recent study using 951 patients concluded that the CD14 ++ CD16 + subset independently predicts cardiovascular events [64] . The debate therefore continues. Ever more sophisticated tools will no doubt sharpen our understanding of monocyte subset biology in human cardiovascular disease, while mouse studies will continue to inform on the basic biology.
Unanswered questions and future goals of research into monocyte heterogeneity in cardiovascular disease
Beyond continued efforts to translate the mouse experiments to humans, the practical implications of monocyte heterogeneity in cardiovascular disease require intense further investigation. In the context of acute myocardial infarction, could manipulation of the recruitment of monocyte subsets be used to promote appropriate tissue healing and prevent adverse myocardial remodeling? The early wave of proinflammatory monocytes recruited to infarcting myocardium presumably has an important function in clearing debris of dead and dying cells and paves the way for tissue repair. Finding the optimum time of activation of these proinflammatory monocytes following myocardial infarction could permit manipulation to optimize their contribution to appropriate tissue healing.
Likewise, could an earlier arrival of less inflammatory monocytes functionally poised to promote fibrosis and angiogenesis favor healthy repair? Could the recruitment and kinetics of retention of various monocyte subclasses in the infarcting myocardium respond to therapeutic manipulation through targeting chemokines and chemokine receptors? Experimental observations already indicate roles for pharmacologic agents commonly used in patients suffering acute myocardial infarction such as ACE inhibitors and statins as modulators of monocyte biology. Could novel antiinflammatory agents currently under investigation such as colchicine [65] , methotrexate [66] , or anti-cytokine strategies [67] selectively manipulate the biology of monocyte subpopulations in a way that could improve long-term clinical outcomes?
In the context of the atherosclerotic plaque, we know that statins can experimentally decrease levels of Ly-6C high monocytes in the blood. Whether various established or emerging interventions that target lipoprotein metabolism could likewise exert beneficial effects on monocyte populations in the context of the evolution and complication of atherosclerotic lesions requires further investigation.
In conclusion, the recognition of monocyte heterogeneity has opened new fields of inquiry in cardiovascular disease, chronic as well as acute, and affecting the heart muscle itself as well as the blood vessels. Progress in this field has increased mechanistic insights into the pathogenesis of cardiovascular diseases. Harnessing this progress in understanding the basic biology could lead to clinical advances in the future to address the increasing burden of cardiovascular worldwide. 
